ABSTRACT -A multi-wall carbon nanotube (MWCNT) product Mitsui MWNT-7 is a mixture of dispersed single fibers and their agglomerates/aggregates. In rodents, installation of such mixture induces inflammatory lesions triggered predominantly by the aggregates/agglomerates at the level of terminal bronchiole of the lungs. In human, however, pulmonary toxicity induced by dispersed single fibers that reached the lung alveoli is most important to assess. Therefore, a method to generate aerosol predominantly consisting of dispersed single fibers without changing their length and width is needed for inhalation studies. Here, we report a method (designated as Taquann method) to effectively remove the aggregate/agglomerates and enrich the well-dispersed singler fibers in dry state without dispersant and without changing the length and width distribution of the single fibers. This method is base on two major concept; liquid-phase fine filtration and critical point drying to avoid re-aggregation by surface tension. MWNT-7 was suspended in Tert-butyl alcohol, freeze-and-thawed, filtered by a vibrating 25 μm mesh Metallic Sieve, snap-frozen by liquid nitrogen, and vacuum-sublimated (an alternative method to carbon dioxide critical point drying). A newly designed direct injection system generated well-dispersed aerosol in an inhalation chamber. The lung of mice exposed to the aerosol contained single fibers with a length distribution similar to the original and the Taquann-treated sample. Taquann method utilizes inexpensive materials and equipments mostly found in common biological laboratories, and prepares dry powder ready to make well-dispersed aerosol. This method and the chamber with direct injection system would facilitate the inhalation toxicity studies more relevant to human exposure.
INTRODUCTION
We previously reported that a certain make of multiwall carbon nanotube (MWCNT) contained particles similar to asbestos fibers in size and shape, and was positive for mesotheliomagenesis in intraperitoneal injection studies using p53-heterozygous mice (Takagi et al., 2008 (Takagi et al., , 2012 . The intraperitoneal injection study is a specialized method for the detection of mesotheliomagenic potential of inhaled fibrous materials (Pott et al., 1994; Roller et al., 1997; Poland et al., 2008) . For the assessment of general respiratory toxicity including non-cancerous endpoints, the inhalation studies are considered essential. As a surrogate for inhalation studies, pharyngeal aspiration and intratracheal spray methods are often used. However, in both methods, the suspension medium may modify the distribution and/or the toxicity of the test particles Oyabu et al., 2011; Gasser et al., 2012; Wang et al., 2012) . Dispersion methods without suspension media are reported. However, those are usually using, at least in part of the processes, rigorous sonication or mechanical milling resulting in certain degree of physiological changes in sample characteristics, such as shortening in length distribution of MWNCT (Muller et al., 2005; Mitchell et al., 2007; Ahn et al., 2011) . Changes in particle size and/or shape will also affect the nature and strength of toxicity of the test substances. Therefore, development of a dispersion method to generate the aerosol of concern without addition of chemicals and changes in particle dimensions is considered to be essential for the assessment of inhalation toxicity in humans.
Fibrous nanomaterial such as Mitsui MWNT-7 is a mixture of dispersed single fibers of various length and width, and their agglomerates and aggregates. When given as a mixture, the lung lesions were mainly seen as inflammatory and/or granulomatous lesions with various degree of fibrosis at the level of terminal bronchiole accompanying the aggregates and agglomerates. These lesions were considered to block and/or mask the changes induced by the single fibers that should have reached the alveolar ducts and alveoli (Warheit et al., 2004; Muller et al., 2005; Shvedova et al., 2008; Porter et al., 2009; Mercer et al., 2011; Wang et al., 2011) . Therefore, assessment of the toxicity of single fibers needs well-dispersed sample without aggregate/agglomerate. In practical inhalation testing, the animal chamber air is rigorously agitated in order to ensure the homogeneity of aerosol in the chamber. Therefore, if the MWNT-7 as a mixture is used, the likelihood of aggregates/agglomerates reaching the nose of the animals is high. In contrast, human ambient air is less agitated; the aggregates/agglomerates may sediment away fast and dispersed single fibers may stay longer in the air to be inhaled by humans (Han et al., 2008) . In addition, humans have longer respiratory tract compared to rodents and may effectively filtered out aggregates/agglomerates before the air reaches the alveolar region.
Taking all into account, we concluded that it is essential to prepare a dispersed single fiber aerosol without aggregate/agglomerates, without additional chemical components, and without changes in size and shape of the single fiber component for the rodent inhalation studies in order to predict human inhalation toxicity. To date, one dispersion method is reported, i.e. the filtration system. Filtration by a sieve with its pore size smaller than the size of aggregates/agglomerate will not affect the size distribution of the single fibers (Kasai et al., 2013) . However, filtration in gaseous phase turns out to be ineffective in terms of yield of the filtrate. Filtration in liquid phase is much efficient Tsuda, personal communication) . However, in our experience, the difficulty is found in avoiding re-aggregation during the process of drying; the surface tension. To solve this problem, here we report a new improved dispersion method consisting of a combination of aqueous filtering and the concept of a drying method used for scanning electron microscopic (SEM) samples; the critical point drying.
MATERIALS AND METHODS

MWCNT, reagent and equipments
MWCNT (Mitsui MWNT-7) was kindly donated by Mitsui & Co., Ltd., Tokyo, Japan for use in toxicity studies (Takagi et al., 2008) . Tert-butanol (TB) of guaranteed reagent grade was used (CAS: 75-65-0, Kanto Chemical Co., Inc., Tokyo, Japan). Metallic Sieve (pore size 25 μm mesh, Seishin Enterprise Co., LTD., Tokyo, Japan) was used for filtration. Miniature coin type vibration motors used in cellular phones (Model FM34F, T.C.P. Co, Tokyo Japan; 13,000 rpm 1.8m 2 /sec) are attached to the extended filler rim (5cm in depth, custom-made, Seishin Enterprise Co., LTD.) of the metallic sieve (cf. Fig. 1c ) to gain high yield of filtrate. Chemistry diaphragm pumps and pumping systems (Model; MD4C NT+AK+EK, Vacuubrand, Wertheim, Germany) was used for sublimation of the frozen TB suspension and recovery of TB. Glass wares such as funnel, filtering bottle, trap bottle and silicon stoppers (Sansyo Co., Ltd., Tokyo, Japan), laboratory bottles (Pyrex®, Asahi Glass Co. Ltd., Tokyo, Japan), were used.
Dispersion method ("Taquann" method)
An outline flowchart is shown in Fig. 1 . TB (melting point 25.69°C) was heated up to 60°C by a mantle heater (Sibata Scientific Technology Ltd., Saitama, Japan). It is advised not to use water bath; TB is highly hygroscopic and becomes difficult to freeze and sublimate. A volume of 200 ml of TB and 0.2 g of MWCNT were transferred to a 500 ml laboratory bottle and agitated to make crude suspension. The bottle was put into an ice bath, occasionally shaken by hand, until the suspension starts to freeze and becomes sherbet-like half frozen state and kneaded by a stainless steel spatula until it becomes evenly gray without clear crystals of TB (Fig. 1a) , and then kept overnight at -25°C. To the frozen suspension, 500 ml of TB pre-heated to 60°C, was added, capped and shaken hard until the liquefied suspension becomes evenly dark brown to gray in color (Fig. 1b) . The bottle was further heated up to 60°C by a mantle heater and the suspension was immediately applied to vibrating metal sieve for filtration (Fig. 1c) . The filtrate was collected through a funnel into a 1,000 ml laboratory bottle. Immediately after the filtration, approximately 1,500 ml of liquid nitrogen was poured onto the filtrate in the bottle to snap freeze the suspension (Fig. 1d) . Then, the bottle was connected to the pumping system and vacuumed until TB was totally sublimated; leaving dispersed MWCNT (T-CNT for Taquann-treated MWCNT) in the bottle. The MWCNT was collected by a cyclone-suction bottle using conduc-tive silicon and aluminum tubing. In order to make a precise aliquot, a measured amount the collected T-CNT was resuspended to TB, and the suspension was aliquoted into proper containers, in this study into the newly designed cylindrical cartridge case (cf. Fig. 3 ), snap-frozen, and sublimated.
Aerosol generation system
An originally designed 105 L main exposure chamber (capacity of 16 mice per chamber), with a disposable electrostatic-free plastic bag inside, was prepared ( Fig. 2 , patent pending, manufactured by Sibata Scientific Technology Ltd.). Onto the plastic disposable top plate, a 20 L subchamber was connected with a 5 cm-diameter 10 cm long connecting pipe. To the subchamber, an injection port was connected, to which a newly designed cylindrical cartridge (manufactured by Sibata Scientific Technology Ltd.) containing dispersed T-CNT is loaded. The cartridge has a slide-valve air inlet at its base and four ejection holes at its top opening towards the subchamber lumen. The compressed air (0.8 M pascal) was injected five times with 0.2 sec duration and 10 sec interval to empty the T-CNT into the subchamber (Fig. 3) . The carrier air flow from the subcamber to the main chamber was 15 L/min. Twenty-one cartridges were prepared for a two-hr exposure experiment, loading first two in 1 min for an initial boost and then one in every 6 min, resulting in generation of saw-tooth concentration wave with an average of 1.3 mg/m 3 (250 μg/cartridge) and 2.8 mg/m 3 (500 μg/cartridge).
Twelve C57BL/6NCrSlc male mice (SLC, Inc., Shizuoka, Japan), 10~11 weeks old, body weight of 23.8~30.8 g were placed in the cage suspended from the top plate of the inhalation chamber and exposed to 1 mg/ m 3 of T-CNT for 2 hr a day for 5 days, lungs (excluding primary bronchi) were sampled and subjected to characterization of deposited fibers (see below).
The animal study was conducted in accordance with the Guidance for Animal Studies of the National Institute of Health Sciences under Institutional approval.
Real time particle counting and weight measurement
An optical particle counter (OPC) with a nominal detection limit of 300 nm (OPC-110GT, Sibata Scientific Technology Ltd.) and a condensation particle counter (CPC) with a nominal detection limit of 2.5 nm (ultrafine condensation particle counter 3776, Trust Science Innovation, MN, USA) were connected to the main chamber with a sample flow of 2.83 L (0.1cf) /min and 0.3 L/min respectively. The mass concentration of the chamber aerosol was calculated from the weight increase of polytetrafluoroethylene-glass fiber filter (Model T60A20, φ55mm, Tokyo Dylec Corp, Tokyo, Japan) after filtering the chamber aerosol by an Asbestos sampling pump (AIP-105, Sibata Scientific Technology Ltd.) at a rate of 1.5 L/min for 120 min (total of 180 L). Mettler Toledo).
Characterization of the dispersed MWCNT
The T-CNT in TB suspension was mounted on a slide glass and observed under a light microscope using a pair of polarizing filters. Untreated MWCNT (U-CNT) from the bulk, 200 mg, was dispersed in to 500 ml of TB and sonicated for 30 min at 40W, 3.4 kHz (SU-3TH, Sibata Scientific Technology Ltd.) and observed.
A weight-measured aliquot of T-CNT was re-suspended, blotted on a Anopore TM Inorganic Aluminum Oxide Membrane Filters (Whatman GmbH, Dassel GE Healthcare, Hahnestrasse, Germany, pore size; 0.02 μm, φ13 mm, Anodisc 13) or a cellulose acetate/nitrocellulose membrane filter (MFTM-Millipore Membrane filters, 0.025 μm, φ13 mm, Merck Millipore, Billerica, MA, USA) and observed with a scanning electron microscope (SEM).
From the main chamber, the aerosol was collected at a rate of 5 L/min for 3 min on a Anopore TM Inorganic Aluminum Oxide Membrane Filters (Whatman GmbH, pore size; 0.1 um, Anodisc 25) joined to asbestos sampling pump (AIP-105, Sibata, Scientific Technology Ltd.). A scanning electron microscope (SEM) (VE-9800, Keyense Co., LTD., Osaka, Japan) was used for monitoring the details of the samples on the slide glasses and on the Anodiscs after osmium coating (HPC-1SW, Vacuum Device Inc., Ibaraki, Japan).
From the exposed mouse, lung lobes are collected and treated with lysis solution composed of 5 w/v% potassium hydroxide (Super Special Grade, Wako Pure Chemical Industries, Ltd., Osaka, Japan), 0.1w/v% Sodium dodecyl sulfate (SDS, for Biochemistry, Wako Pure Chemical Industries, Ltd.), 0.1 w/v% Ethylenediamine-N,N,N',N'-tetraacetic acid disodium salt dehydrate (EDTA 2Na, Dojindo laboratories, Kumamoto, Japan) and 2w/v% ascorbic acid (Super Special Grade, Wako Pure Chemical Industries, Ltd.) in ultra-pure water, dissolved at 80°C (Fig. 10b lysis solution in a centrifuge tube (DNA LoBindid tube 2.0 ml, Eppendorf, Hamburg, Germany) was incubated at 80°C for approx. 24 hr in an oven (HV-100, Funakoshi Co., Ltd., Tokyo, Japan), centrifuged at 20,000 g for 1 hr at 25°C (MX-207, Tomy Seiko Co., Ltd., Tokyo, Japan), and the pellet containing MWCNTs and SDS crystals was recovered. 1.8 ml of 70% ethanol was added to the tube and incubated at 80°C for 30 min to dissolve SDS crystals and centrifuged at 20,000 g for 1 hr at 25°C. 100 μl of 1w/w% Triton®X-100 (MP Biomedicals, Inc., Solon, OH, USA) was added to the pellet and dispersed by pipetting. One microliter of the suspension was placed on an inorganic aluminum oxide membrane filter (Anodisc 13, 0.02 μm φ13mm, Whatman GmbH) or the cellulose acetate/nitrocellulose membrane filter and filtrated on a funnel shape glass filter (SANSYO Co., LTD., Tokyo, Japan). The filter was dried at room temperature and osmium coated for SEM. For a reference of extraction efficiency, lung sample from untreated mouse was spiked with 1 μg T-CNT and measured alongside. Lung tissue from eight mice were fixed with buffered 10% formalin (four with and four without inflation), paraffin embedded and processed routinely for H&E stained histology slides, and observed under a light microscope with or without polarizing filters (Olympus BX50 microscope with DP-70 image system, Olympus Corporation, Tokyo, Japan).
RESULTS
Characteristics of "Taquann"-dispersed MWCNT
Macroscopic and light microscopic views of the final product, the dried MWCNT after sublimation, i.e. "Taquann"-dispersed MWCNT (T-CNT) and, for comparison, untreated MWCNT from the bulk (U-CNT) are shown in Fig. 4 . The powder of T-CNT is finer compared to U-CNT (Fig. 4a) . The T-CNT resuspended very well to TB (Fig. 4b ) and other solvents including 0.1 w/v% Sodium dodecyl sulfite and 0.1 w/v% Sodium dodecylbenzene sulfonate (not shown). Light microscopically, the resuspended T-CNT consists mostly of dispersed single fibers with smaller numbers of small aggregates corresponding to the mesh size of the metal sieve (Figs. 4c, 4d) , whereas U-CNT was a mixture of large aggregates/agglomerates and single fibers among them (Figs. 4g, 4h ). The T-CNT fibers slowly precipitated in the medium (cf. Figs. 4b and f), and are easily resuspended by gentle agitation. The yield of the T-CNT was approximately 5% of the U-CNT in weight. Re-filtration of the residue on the sieve resulted in negligible yield. The low power SEM views of the TB-resuspended T-CNT and U-CNT are shown in Fig. 5 . Again, the majority of the particles of the T-CNT were the dispersed single fibers. The length and width distribution of single fibers counted on these SEM images are shown in Fig. 6 . The length and width distribution was similar between single fibers of T-CNT and U-CNT, indicating that the mechanical shortening of the fibers is negligible for Taquann method.
The number of fibers per 10, 1 and 0.1 μg weight of T-CNT with length distribution was counted on SEM images (measured number of fibers are 959, 246, and 45 per designated area for calculation, respectively). The number of fibers calculated was 2.1 x 10 7 /10 μg 4.1 x 10 6 /1 μg and 3.3 x 10 5 /0.1 μg. The distribution of the fiber length was similar to that shown in Fig. 6a , and the average length was 7.5 ± 4.7 μm (max 34 μm), 8.7 ± 6.4 μm (max 42 μm), and 7.0 ± 5.4 μm (max 26 μm) respectively. As a whole, T-CNT has roughly 3 x 10 6 fibers per 1 μg, mean length of approximately 7 μm with a length range up to 50 μm with a median of approximately 6.5 μm.
"Taquann"-dispersed MWCNT in the inhalation chamber
The T-CNT aerosol generated at an average concentration of 1 mg/m 3 was sampled on the Anodisc and observed by a SEM (Fig. 7) . The aerosol was composed mainly of well-dispersed single fibers and some small tangles of fibers admixed with a relatively small amount of non-fibrous particles. From the amount of weight increase of polytetrafluoroethylene-glass fiber filter after sampling the chamber aerosol, the weight of aerosol per m 3 of the chamber air (weight concentration) was calculated as approximately 1.3 mg/m 3 (average of three measurements shown in Table 1 ). At the same time, the particle counts per m 3 given by OPC and CPC were recorded (Fig. 8) , and the K-value (mg/particle count in m 3 ) was calculated (Table 1) .
K-value (mg/m 3 /cpm), i.e. the weight concentration (mg/m 3 ) divided by OPC or CPC count per minute (cpm) is often used as an indicator of the status of dispersion. Three measurements conducted with a few days' interval showed that not only the K-values itself but also the values used to calculate it were fairly stable over a period of days.
The length distribution of the T-CNT recovered from the lungs of two mice exposed in the whole body inhalation chamber 2 hr a day for 5 days at an average concentration of 1.8 mg/m 3 of T-CNT are shown in Fig. 9 along with the data from the spiked lung tissue sample. The average length were 8.4 ± 5.0 μm and 8.3 ± 4.9 μm (Figs. 9a, 9b ), comparable to that of the T-CNT in spiked lung tissue sample; 9.5 ± 5.2 μm (Fig. 9c ) (width was qualitatively not different, data not shown). The total numbers of the fibers recovered were 5.1 x 10 6 and 3.2 x 10 6 from the inhaled lungs and 1.6 x 10 6 from the spiked lung; the weight of T-CNT deposited in the lung after 2 hr x 5 days of inhalation was roughly calculated as 3 μg/lung.
The fibers recovered from one of the mice were observed with SEM (Fig. 10a) . Dispersed single fibers were found and some of which are longer that 20 μm (cf. Fig. 9 ). It was noted that EDTA and ascorbic acid in the lysis solution were effective in removing the debris from the SEM sample (Fig. 10b) .
Histologically, the CNTs were found to distribute from bronchial lumen to peripheral alveolar spaces. In the bronchial lumen, the fibers were trapped in the bronchial mucus, either as single fibers or as loose aggregates without inflammatory or granulomatous response, morphologically interpretable as a view of expectoration by the ciliary movement of the bronchial epithelium. There were no dense aggregates/agglomerates in the lungs so far as examined. In the peripheral alveolar space, single fibers are found phagocytized in alveolar macrophages as shown in Fig. 11 . There were only mild inflammatory reactions such as neutrophilic migration against fibers in mucous blanket of the bronchial/bronchiolar segments and fibers in the alveolar space.
DISCUSSION
The MWCNT treated with the "Taquann" method (T-CNT) consisted of highly dispersed single fibers with marked reduction of aggregates/agglomerates, both in the aerosol and in the resuspended solution. The length and width distribution of the single fibers were not different between the T-CNT and the original U-CNT, indicating that this method is physically mild to the sample and does not shorten the fibers.
The Taquann method consists of two major steps, the efficient filtration in liquid phase and the idea of critical point drying in order to prevent re-aggregation of the fibers by surface tension during drying. The latter step was inspired by the drying method for SEM samples. TBsublimation technique used in this study is an alternative method used for SEM samples as well. Our trial-anderror added a few innovations such as gentle kneading of half-frozen TB suspension and a freeze-and-thaw process for a better dispersion (visible differences in fineness of suspension, data not shown), and vibration of the sieve for a faster and better yield of filtrate (approximately 7 fold increase in half the time). This Taquann method does not use high power sonication or other strong mechanical shearing, so that the length distribution of the single fibers did not change. The equipments and reagents used here are mostly available at regular biological or chemical laboratories. The new aerosol generating system by the direct injection of T-CNT had successfully generated highly dispersed aerosol of MWNT-7 and an exposure study confirmed the inhalation of MWNT-7 single fibers in mouse lung down to the peripheral alveolar spaces. In this condition, i.e. five consequtive days of 2 hr exposure, histologically, there were only mild neutrophilic infiltration. A long-term follow up study is underway. It is highly plausible that the Taquann method can be applied to other types of particles as long as they are not soluble to TB (additional study in preparation) Well-dispersed samples generated by the Taquann method, together with the direct injection and the small scale inhalation chamber system, would facilitate the inhalation toxicity studies more relevant to human exposure not only at the big facilities but also at the small scaled laboratories.
Finally, this dispersion method may also be useful for industries where difficulty in dispersion of nanoparticles was a limiting process in developing new products. For a large scale manufacturing, carbon dioxide critical point drying may be suitable than TB sublimation.
